The dynamics of a 20 base pair oligonucleotide is studied by dynamic light scattering-photon correlation spectroscopy and depolarized Fabry-Perot interferometry. The 20 base pair oligonucleotide is a well-defined, albeit short, rigid rod molecule that serves as a model for polyelectrolyte solution dynamics. The effects of added salt on the solution rotational and translational dynamics are examined in detail as functions of the 20-mer concentration. Coupled mode theory together with counterion condensation theory gives good predictions for the effects of salt on the translational diffusion of the 20-mer at the relatively low oligonucleotide concentrations studied. Comparison of the experimental results with these theories shows that the effective charge density of the polyion in solution is approximately equal to the reciprocal of the product of the Bjerrum length and the counterion charge, eff Х1/N B . Calculation shows that the numerical solution of the coupled mode theory matrix gives a better fit of our measured polyion diffusion coefficients than the approximate equation derived by Lin, Lee, and Schurr. Simple approximations for the effective rod length, L eff ϭLϩ
I. INTRODUCTION
Over the past few decades, much work has focused on both theoretical and experimental aspects of polyelectrolyte solution dynamics. However, due to the complexity of these systems, there is still a lack of consensus on the fundamental aspects of polyelectrolyte behavior. One complication, often occurring in experimental studies of synthetic macromolecules, is sample polydispersity and other source dependent variations in the materials that make comparison between theory and experiment difficult. Similar complications arise in the use of sonicated preparations of biological polyelectrolytes. DNA, however, can be prepared in a wide range of molecular weights in almost monodisperse dispersions. Oligonucleotides, PCR fragments, and restriction fragments are now readily available. DNA is also one of the most highly charged polymers known, and can thus serve as a model for solution dynamics of highly charged polyelectrolytes.
A previous study 1 has shown that the trp repressor protein, another monodisperse polyelectrolyte, is an excellent model molecule that may be used as a model polyelectrolyte to, among other things, test theories of polyelectrolyte dynamics such as the coupled mode ͑CM͒ theory. [2] [3] [4] [5] The monodispersity in size and in charge distribution of the trp repressor protein substantially reduced the complexity in interpreting experimental results compared to synthetic polyelectrolytes. The small size and low total charge density of this protein most likely make the lincarized PoissonBoltzmann equation and its extension in CM theory a good approximation for the translational dynamics. It was, in fact, shown that for this low charge density polyion in dilute solutions, the analytical solution of the CM theory equations gives good predictions of the polyion concentration, salt cona͒ Present address: Materials and Process Laboratory, Seagate Technology, 311 Turquious Street, Milpitas, CA 95035. b͒ Author to whom correspondence should be addressed. centration, and scattering vector length dependencies of the polyion diffusion coefficients. The CM theory, however, does not explain the slow mode that appears in dynamic light scattering experiments of the protein and other polyelectrolytes. One complication in the study of the protein, however, is that the protein carries both positive and negative charges. This may contribute to aggregation and complicate the interpretation of the slow mode. DNA, on the other hand, carries charges all of the same sign.
For solutions of highly charged polyelectrolytes such as DNA, the distribution of small ions is strongly influenced by the electrical potential of the polyions. The linearized Poisson-Boltzmann equation upon which the coupled mode theory is based is not valid, unless some other approximation such as the ''counterion condensation'' theory is used to compute an ''effective charge'' for the polyion that is then used in the coupled mode theory. The terminology of counterion condensation was first introduced by Oosawa and co-workers [6] [7] [8] [9] and adopted and extended by Manning and others [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] to interpret the phenomena arising when the charge density of the polyions exceeds a critical value critic . In this case, counterions ''condense'' on the polyion so that the net charge density on the polyion is reduced to the critical value. Experimental results [24] [25] [26] [27] have provided strong support for the counterion condensation theory. The highly charged rodlike oligonucleotide is used here as a model molecule to study the transport properties of a highly charged macromolecule as a function of polyion and added salt concentrations. We study both the dynamics of concentration fluctuations and the polyion rotational motion. The concentration fluctuation dynamics consists of fast and slow modes. The fast mode is identified mainly with diffusion of the polyion, which is coupled to the motion of the small ions. The slow mode will be discussed in a future article ͑hereafter referred to as ''II''͒ along with the results of small angle x-ray scattering experiments on the same system that exhibit a peak at low added salt concentrations. 28 The coupled mode theory, in conjunction with the counterion condensation theory, is shown to give a good account of the added salt concentration and polyion concentration dependencies of the fast mode in relatively dilute solutions. An alternative point of view, based upon rigid rod thermodynamic and frictional second virial coefficients, is also used to analyze the photon correlation spectroscopy data. In the theoretical section ͑Sec. II͒, we present brief descriptions of the coupled mode, counterion condensation, and diffusion virial theories which are used to interpret the results of the dynamic light scattering-photon correlation spectroscopy experiments on the 20-ner oligonuleotide, as well some more limited description of theories of rotational diffusion. Section III describes the experimental protocols, and Sec. IV gives the experimental results and discussions of the photon correlation spectroscopy and the depolarized FabryPerot interferometry experiments. Section V summarizes our conclusions.
II. THEORETICAL BACKGROUND

A. The coupled mode theory
The coupled mode ͑CM͒ theory is based on the PoissonBoltzmann equation
where (r,t) is the electrical potential at position r and time t, (r,t) is the charge distribution, ⑀ is the dielectric constant of the medium, Z ␣ is the charge on ion ␣, and e is the absolute value of the electron charge. The last equality in Eq. ͑1͒ relates the charge density to the local number concentrations of the ions in solution, n ␣ Ј (r,t). The PoissonBoltzmann equation may be linearized by setting
n ␣ Ј (r,t) fluctuates around the average value n ␣ by ⌬n ␣ Ј (r,t), the quantity measured in photon correlation spectroscopy experiments. The number concentration fluctuation of ion ␣ varies via the diffusion equation with an additional term taking into account the electrical potential
where D ␣ is the Stokes law diffusion coefficient of ion ␣. Spatial Fourier transformation of the combined Eqs. ͑1͒ and ͑3͒ gives
where q is the magnitude of the wave vector of the fluctuation. The quantity q is also the scattering vector length in a photon correlation spectroscopy experiment described below. It is related to the scattering angle , the refractive index of the solution n, and the wavelength of the incident light ,
͑5͒
For a solution composed of polyion, anion, and cation, the matrix M (q) is
͑6͒
The partial contribution to the Debye-Huckel screening parameter for species ␣ is:
The three eigenvalues of the matrix ͓ M (q)͔ are the normal mode decay rates: 1 5 recently extended the CM model to calculate the apparent diffusion coefficient at any scattering angle for systems with univalent counterions and coions having the same diffusion coefficients. The above approximations are made to simplify the analytical solution. Using a symbolic mathematics program such as Mathematica, however, one can solve for the eigenvalues of the matrix ͓ M (q)͔ analytically without many of these approximations. For instance, the counterion and coion can have different diffusion coefficients and they can have different charges, and the decay frequencies can be calculated for any given scattering vector length. The solution, however, is too long to give here. Numerical calculations of the eigenvalues of the matrix ͓ M (q)͔ in given experimental conditions are relatively easy to perform with standard software such as MATLAB, given knowledge of the charges and concentrations of each ion and the scattering vector length. This approach also allows one to simultaneously obtain the small ion diffusion and polyion diffusion modes.
Note that this version of the CM theory includes Coulomb interactions among the polyions and also among the small ions in addition to small ion-polyion interactions. However, no other forces between the polyions are explicitly considered.
B. Counterion condensation theory
For highly charged polyelectrolytes in solution, the distribution of small ions is strongly influenced by the polyion electric field, and the linearized Poisson-Boltzmann equation is not valid. However, as mentioned in Sec. I, we can use the counterion condensation theory to calculate a reduced charge on the polyion. This reduced charge may then be used in conjunction with the linearized PoissonBoltzmann equation to give the equations of coupled mode theory.
According to the Oosawa-Manning counterion condensation ͑CC͒ theory, [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] for linear polyelectrolytes, if the charge density of the polyion exceeds a critical value, counterions in solution will ''condense'' onto the polyion, and reduce the polyion charge density to the critical value:
where N is the value of counterion charge, and B is the Bjerrum length
The Bjerrum length represents the linear charge separation at which the electrostatic energy is equal to k B T.
Manning's linear polyelectrolyte approximation can be applied to polyions with a length much larger than the Debye-Huckel length. By solving the Poisson-Boltzmann equation, Ramanathan and Woodbury 18, 19 showed that for cylindrical polyelectrolytes with a finite length, if the length of the molecule L is comparable to or larger than the DebyeHuckel length Ϫ1 , the charge density is ionic strength independent and equal to that of the Manning's critical charge density. If L is much smaller than Ϫ1 , the critical charge density is ionic strength dependent according to
where a is the radius of the polyelectrolyte. Nicolai and Mandel 23 also made corrections to the counterion condensation theory by considering the effect of ionic strength, regardless of the relative length L, on the Debye-Huckel length Ϫ1 :
where B can be obtained from the approximate solution of the Poisson-Boltzmann equation. They also made corrections for the effect of finite radius of the polyelectrolyte, a, on the critical charge density
where K 1 (a) is the first order modified Bessel function. When the charge density of the polyion is less than 0 , counterion condensation can be ignored and the effective charge on the polyion is the same as the titration charge. When the charge density of the polyion is greater than 0 , counterions condense onto the polyion and the effective charge of the polyion reduces to ͉Z eff ͉ϭL 0 .
C. The diffusion second virial coefficient for charged rodlike molecules
An alternative point of view to that of the CM model that takes into account the shape of the polyion, polyionpolyion hard core repulsive forces, and hydrodynamic interactions may be used to estimate the initial polyion concentration dependence of D p . The mutual diffusion coefficient ͑as measured, for instance, by dynamic light scattering͒ may be expanded in a power series in the oligonucleotide concentration; 2, 29 
where D 0 is the mutual diffusion coefficient at zero concentration and k D is often called the diffusion second virial coefficient. The diffusion second virial coefficient may be expressed in terms of the molecular weight, M, the osmotic ͑thermodynamic͒ second virial coefficient, B 2 , the hydrodynamic ͑friction͒ virial coefficient, k f , and the partial specific volume, s , as
The partial specific volume of DNA is s ϭ0.556 cm 3 /g, and the molecular weight M can be calculated knowing the primary sequence.
Peterson's 30 treatment of the hydrodynamic friction virial coefficient for uncharged rod yields
.
͑17͒
The osmotic second viral coefficient derived for rigid macromolecules from the McMillan Mayer theory can be written as: 31, 32 
where the factor f for a rodlike molecule is
͑19͒
Equations ͑15͒-͑18͒ are frequently used to interpret photon correlation spectroscopy experiments on solutions of rigid rod macromolecules. 29, 33 With modifications for the effects of electrostatic interactions between the rods, they have also been applied to the interpretation of photon correlation spectroscopy experiments on persistence length DNA. 23, [34] [35] [36] The effect of electrostatic interactions between the polyions can be approximated by considering the polyions to be hard rods with larger effective dimensions. 37 The effective length is denoted L eff and effective diameter d eff The thermodynamic second virial coefficient for the rodlike polyion can then be calculated by using these effective values in Eqs.
͑17͒-͑19͒.
Effective diameters of rodlike polyions have been given by several authors [37] [38] [39] [40] 
where ␥ϭ0.57 721 is Euler's constant. Katoh and Ohitsuki 40 numerically solved the nonlinear Poisson-Boltzmann equation for uniformly charged cylindrical polyelectrolytes with finite length and a radius of 1 nm ͑the same as the hydrodynamic radius of our oligonucleotide measured in high salt 41 ͒. They showed that as far as the electrostatic potential is concerned, the rod can be regarded as effectively infinite in length when Lу2 Ϫ1 , where the Debye-Huckel screening length Ϫ1 is calculated from the added salt alone, not counting the polyelectrolyte contribution. The ''end effects'' on the polyelectrolyte potential of a long rodlike polyelectrolyte extend to a distance LЈ of about Ϫ1 /2, and LЈ is approximately independent of the charge density and added salt concentration. Thus we can evaluate the effective length of the polyelectrolyte rod counting the end effect LЈ on both ends:
Katoh and Ohitsuki 40 also showed that the contour lines of the electrostatic potential extend to about half as far in the direction of the axis of the rod as in the direction perpendicular to the axis of the rod. Thus it is reasonable to assume the effective diameter of a rodlike polyelectrolyte as
With these equations for the effective lengths, the diffusion virial coefficients may be estimated by substituting them into the hard rod formulas, Eqs. ͑16͒-͑19͒.
As noted above, this point of view, however crude, explicitly takes into account the shape of the polyion as well as hydrodynamic interactions. The CM theory, after the effective charge is determined, treats all ions as point charges and does not directly include hydrodynamic effects.
D. Rotational diffusion
Depolarized dynamic light scattering measures the fluctuations of the optical anisotropy in the solution under study. For a solution of optically anisotropic molecules with optical anisotropy ␤ undergoing rotational diffusion, the depolarized light scattering spectrum is given by 2, 41 
where R is the collective orientational relaxation time and f represents the static pair orientational correlations between molecules. The relaxation time R is related to f, as well as to the dynamic pair orientational correlation function, g, and the single molecule orientational relaxation time S ,
The single molecule relaxation time is in turn related to the rotational diffusion coefficient for the end-over-end rotation of the oligonucleotide, D R ,
In cases of molecules with cylindrical symmetry, it has been shown that g is often negligible so that a linear plot of R vs concentration at constant solution viscosity yields the values of S and f. 2 To our knowledge, there is as yet no comprehensive theory for the salt concentration dependence of S or R for rodlike polyelectrolytes comparable to those for translational motion such as the coupled mode theory or the diffusion virial coefficient theory summarized in Eqs. ͑15͒-͑19͒. Simulations have been performed for interacting charged rodlike molecules. 42, 43 These simulations have, however, been carried out for molecules with much larger length to diameter ratios than the oligonucleotide studied here.
III. EXPERIMENT
A. Material
The oligonucleotide used in this study is a 20 base pair synthetic DNA with the primary structure of 5Ј-CGT ACT AGT TAA CTA GTA CG-3Ј. The DNA was purchased from the Midland Certified Reagent Company, Midland, Texas. Catalog # CO-1000, Lot # 061394-283. It was synthesized by the phosphoramidite chemistry method and purified by anion-exchange high pressure liquid chromatography. After purification, the pooled fractions were desalted by gel filtration. The product was supplied as the lyophilized sodium salt of DNA. The oligonucleotide is of greater than 99.9% monodispersity as verified by capillary gel electrophoresis with detection by ultraviolet absorption at 260 nanometers. Melting curves show that the oligonucleotide is in double helical form under the solution conditions used in this study. The molecular weight is 13 022 g/mol for the double helix. With 20 negatively charged phosphate groups in each polynucleotide chain, the double helix has 42 negative charges in neutral or basic pH solutions. The extinction coefficient used in the determination of the oligonucleotide concentration at 260 nm was assumed to be 260 ͑mM͒
, as usually used for a double helical form of DNA All buffer solutions were made with fresh 18.2 M⍀ water from a MilliQ-UV system. Buffer exchanges were performed 7-10 times from 2 ml to 0.1 ml using a Centricon-3 microconcentrator to produce the desired salt concentration. The sample was then filtered into a precleaned dust-free optical cuvette through a 0.2 m pore size Anotop™ 10 or Millipore filter. The cuvette was sealed and then placed in laser beam to check for ''dust'' by observation of the illuminated region with a 5ϫ microscope. Samples were then centrifuged at 4000 rpm overnight at 10°C and then at the temperature of measurement prior to measurement to further eliminate any possible remaining dust and also to remove air bubbles introduced by filtering. Dilution of the sample was directly done in the cuvette by filtering solvent into it through a 0.2 m Anotop™ 10 filter. Concentrations were measured by UV spectrometry at proper dilution ͑where absorbance is between 0.1 and 1͒ using the extinction coefficient at 260 nm given above.
B. Dynamic light scattering-photon correlation spectroscopy
Three different light scattering apparatuses were utilized. The apparatus at Stanford is described in detail elsewhere. 29 A Spectra Physics Argon Ion laser was used at a wavelength of 488 nm. Laser powers from 140 to 250 mW were used in the experiments. Homodye photon autocorrelation functions were measured using a Brookhaven BI9000 multi-tau correlator with maximum of 456 channels and 10 decades of delay time. Measurements were performed over a range of temperature with a variation of Ϯ0.2°C. The scattering cell was immersed in refractive index matching fluid from Cargille Laboratory Inc. to minimize stray light from the outer cuvette wall. Rectangular quartz sample cells with 10 mmϫ10 mm path length were used. Scattering angles were corrected for refraction at the cuvette walls. Scattering angles ranged from 22 to 106 degrees. All photon correlation spectroscopy autocorrelation functions were accumulated until the baseline was over 5ϫ10 6 . Only those autocorrelation functions with differences between measured and calculated baselines smaller than 0.1% were considered. The photon correlation equipment used at Poznan and Mainz is similar to that described above. The major difference is that an ALV5000 multi-tau correlator was used rather than the Brookhaven. Good agreement was obtained between the correlation functions measured with the three different photon correlation setups.
C. Depolarized dynamic light scattering' Fabry-Perot interferometry
The light source was an ADLAS Nd 3ϩ YAG laser operating at wavelength 532 nm with power 360 mW. Analysis of the scattered light was performed with two types of Fabry-Perot interferometer ͑Burleigh, USA͒: CF-100-VIS ͑750 MHz free spectral range͒ and CF-500-VIS ͑FSRϭ150 MHz͒. Scattered light was collected in the VH geometry at the angle of 90°by an avalanche photodiode and converted to normalized electric pulses. A Glan-Thompson polarizer ͑Bernhard-Halle, Germany͒ with the extinction coefficient of 10 Ϫ7 was used to select the depolarized component of the scattered light. A special system of quasi-stabilization was applied in order to avoid the effect of spectrum drift. The sweep duration was set to 0.5 s and the ramp amplitude was adjusted to have three orders of the spectrum during this time. For the first 1/3 of the sweep the reference beam was passed through the instrument to obtain an exact position for the first order ͑reference͒. A system of choppers then closed the reference beam and opened a path for scattered light, which was accumulated for the remaining 2/3 of the sweep. The data, gathered with a multichannel scaler ͑PC card, SILENA͒, were analyzed in terms of the reference peak position and added to the accumulated spectrum after an appropriate shift. In order to account for the random fluctuations of the highest point position ͑taken as the peak position͒, a shift of one channel was neglected. Two conditions had to be fulfilled to accept an individual sweep: The intensity of the scattered light could not exceed a certain value and the peak shift could not be larger than 20 channels ͑out of 1000 total channels͒. The first condition avoided the collection of rapid bursts of scattered light due, for instance, to dust particles in the solution ͑if present͒, while the second selected sweeps gathered under essentially identical conditions. A finesse of 70 could easily be achieved and maintained even during 5 h long runs. Manual correction of the peak position ͑bias of the ramp͒ was required only occasionally ͑once per hour͒. On average, more then 40% of the sweeps were accepted, even in long runs, provided the manual correction was performed when necessary.
D. Data analysis
Photon correlation spectroscopy data analysis was performed using CONTIN, 44 ,45 a constrained regularization method program for the inverse Laplace transformation of PCS data. Without any prior knowledge of the number of decay times, CONTIN is able to characterize the distribution of relaxation times in the experimental time correlation functions. By allowing both fast and slow processes, which might be included in the photon correlation spectroscopy autocorrelation function due to various experimental artifacts ͑such as after-pulsing, dust, etc.͒, distortions of the extracted decay processes are minimized. Using the setting in the CONTIN program giving the scattered light intensity associated with each relaxation time ͓IUSER͑10͒ϭ4͔ also helps to minimize distortion of the information in the autocorrelation function.
Fabry-Perot interferometry data were analyzed using a single Lorentzian function Eq. ͑24͒. The contributions of two closest neighboring peaks ͑neighboring interferometer orders͒ were taken into account in the analysis. The shape of the instrumental line was evaluated from measurements of a high molecular weight DNA solution. In the case of the 750 MHz etalon, the convolution of the measured signal with the instrumental line was included in the data analysis. For the 150 MHz etalon this procedure was not necessary because line broadening exceeded 20 channels, which allowed for simple subtraction of the instrumental line half-width from the total linewidth.
IV. RESULTS AND DISCUSSION
A. Photon correlation spectroscopy
Homodyne photon autocorrelation functions were measured for the 20 bp DNA at various scattering vector lengths, temperatures, DNA concentrations, and ionic strength conditions. The buffer solutions contained 1 mM EDTA to chelate any trace amounts of multiply charged ions, 10 mM Tris to maintain solution pH at 7.6, and various amounts of added NaCl to achieve different solution ionic strengths. A normalized autocorrelation function for the oligonucleotide in pH 7.6 buffer solution is shown in Fig. 1 along with its CONTIN analysis. Figure 2͑a͒ shows some typical correlation functions at a constant added salt of 10 mM NaCl for various oligonucleotide concentrations, while Fig. 2͑b͒ shows typical correlation functions at a constant oligonucleotide concentration of 10 mg ml Ϫ1 for various salt concentrations as a function of the relaxation time.
The CONTIN output gives peak positions ͑the decay frequency, or relaxation time or hydrodynamic radius͒ and the scattered light intensity distribution of each peak. Generally, a peak was observed with a hydrodynamic radius or relaxation time corresponding to that expected from diffusion of the unaggregated oligonucleotide. The amplitude of this peak always dominates the CONTIN output for all the oligonucleotide solutions studied here. We focus mainly on this peak in this article. There is also a slow mode with a hydrodynamic radius of about 80 nm and an amplitude of 10% or less at high salt concentration conditions and about 40% at low salt concentration conditions. The slow mode is discussed in II along with the results of small angle x-ray scattering experiments on the same oligonucleotide solutions. 28 
FIG. 1.
A typical correlation function measured at low ionic strength conditions with corresponding relaxation times distribution L() ͑10 mM NaCl, 7 mg/ml, ϭ90°͒.
FIG. 2.
͑a͒ Correlation functions measured at ϭ90°for different DNA concentrations at a constant ionic strength of 10 mM NaCl ͑symbols: 28 mg/ml, solid line: 2.6 mg/ml͒. ͑b͒ Correlation functions measured for different salt concentrations at a constant DNA concentration of 10 mg/ml ͑symbols: 0 mM NaCl, solid line: 100 mM NaCl͒. The symbol ␤ denotes the coherence factor of our light scattering setup.
The coupled mode ͑CM͒ theory prediction of the DNA diffusion coefficients at various salt concentrations and DNA concentrations were obtained using the parameters listed in Table I and the MATLAB program to numerically find the eigenvalues of the matrix in Eq. ͑6͒. As shown in Fig. 3 , the CM theory prediction with Z p ϭϪ42 is far from the experimental results for all salt concentrations. The high charge density of DNA strongly influences the distribution of small ions. The linearized Poisson-Boltzmann equation used in the coupled mode theory is then not valid unless some approximation, such as using a lower effective polyion charge, is made. The length of the 20 bp DNA used in this study was determined previously 41 to be 6.8 nm. The linear charge separation is 0.18 nm, which is much smaller than the Bjerrum length. According to the counterion condensation theory, counterions must condense onto the polyion until the effective charge density reaches the critical value 0 . For all solution conditions studied in this research, the DebyeHuckel screening length is smaller than the length of the DNA, i.e., LϾ Ϫ1 . According to both the Manning and Ramanathan-Woodbury counterion condensation predictions, the effective charge density is eff ϭ1/N B . We have also calculated the effective charge density of the DNA according to the Nicolai-Mandel modified equations. Results for the calculated effective charge densities as well as the charge used in the CM theory calculation that best fits the experimental data are listed in Table II . As may be seen from Fig. 3 and Table II , the Nicolai-Mandel equations give a relatively higher charge density than the Manning prediction and higher than the best fit charge density by CM theory to the experimental data. Manning's counterion condensation theory predicts a charge that fits the experimental data at high salt concentration conditions but is a little too high at low salt concentration conditions. Contrary to the NicolaiMandel modified counterion condensation theory prediction, which results in an effective charge density eff у1/N B , our experimental data show that the effective charge density is very close to Manning's prediction but eff Ͼ1/N B .
We note that Ferrari and Bloomfield, 35 using the LinLee-Schurr approach, obtained effective charges (Z eff ϭ Ϫ32) for persistence length DNA that are about a factor of 2 smaller than the Manning prediction. Wang, Garner, and Yu 36 also obtain even lower effective charges (Z eff ϭϪ9) for persistence length DNA. It is difficult to determine the reason for these differences. Our polyion is relatively stiffer and hence more ''rodlike'' although its L/d ratio is small ͑see Table III͒. The persistence length DNAs, of course, exhibit some flexibility and are probably more polydisperse than our sample. There is also a better separation between the slow mode ͑see article II͒ and the fast ͑diffusion͒ mode for the oligonucleotide. The use of muti-tau correlators also allows a better separation of the two modes. Figure 4 shows the apparent diffusion coefficients associated with the faster ͑diffusion͒ mode as a function of oligonucleotide concentration for a range of different ionic strengths. For clarity of presentation, Fig. 4 shows only a selection of the added salt concentrations studied.
The scattering vector length dependence of the diffusion coefficient of the oligonucleotide in pH 7.6 Tris/EDTA buffers of various ionic strength has been studied. The diffusion coefficient appears to increase slightly as the scattering vector length decreases or the scattering angle increases. The CM theory prediction also indicates a slight increase for the polyion diffusion coefficient. The effect, however, is small enough to be safely ignored in the most accessible range of scattering angles.
As we have described in the theoretical section, with knowledge of the high salt polyion diffusion coefficient and   FIG. 3 . Determination of the best fit charge from a fit of coupled mode theory to the experimental results in three ionic strength conditions: ͑a͒ 3 mM NaCl, ͑b͒ 53 mM NaCl, ͑c͒ 203 mM NaCl. Symbols correspond to experimental data and the lines present the theory predictions for different effective charges: dotted line-Z eff ϭϪ42 ͑complete dissociation͒; dash-dot line-Z eff ϭϪ21.3 ͓calculated after Nicolai and Mandel, Eq. ͑14͔͒; dashed line-Z eff ϭϪ9.6(L/ B ); solid line-Z eff from the fit to experimental data ͑values listed in Table II͒ . Table II. charge of each ion, and the experimental conditions ͑includ-ing the scattering vector length and concentration of each ion͒, the eigenvalues of the CM theory matrix in Eq. ͑6͒ may be relatively easily computed with software such as MAT-LAB. With this approach, one can separately calculate the small ion diffusion and polyion diffusion coefficients for solutions containing polyion, counterion and coion with any charge, and any diffusion constant for each ion and at any given scattering vector length. While the analytical equation given by Lin, Lee, and Schurr is easy to use, it calculates only one diffusion coefficient for the system consisting of polyion, and the small ions ͑coion and counterion having same charge and same diffusion constant͒. Figures 4 and 5 show that while the numerical solutions to the eigenvalues of the CM theory matrix give a good fit to the experimental results, calculations with the Lin-Lee-Schurr analytical equation overestimate the polyion diffusion coefficient for both high polyion concentration and low salt concentration conditions.
Clearly, the diffusion coefficient associated with the fast mode increases as the oligonucleotide concentratration increases, and as the salt concentration decreases. Even though the concentration of the DNA studied in this research is well below 1/L 3 , the long range electrostatic interaction may lead to a transition from dilute to semidilute concentration conditions at a lower value than for hard rods 29 ͑See C* in Table   III͒ . The high added salt lines in the experimental diffusion coefficients in Fig. 4 may be used to obtain the diffusion second virial coefficient. The diffusion second viral coeffi- cient k D exp in various ionic strength solutions is given by the slope of the line divided by the zero concentration intercept. The curve at 3 mM added salt ͑this salt is from the buffer͒ is clearly nonlinear, showing that the expansion in Eq. ͑17͒ cannot be truncated at the term linear in c. We fit both the initial slope of this curve as well as a forced linear fit to all the points. The k D exp obtained by these procedures are shown in Table IV .
C s ͑mM͒
As stated in Sec. II, we can incorporate the electrostatic interaction between polyions into the hydrodynamicthermodynamic ͑virial͒ model for hard rods using the ionic strength dependent extended length and diameter instead of the length and diameter of the oligonucleotide at high salt. Table III lists the effective diameter and effective length calculated for the DNA in the buffer at various ionic strengths. While the electrostatic contribution in Eq. ͑20͒ is stated to be accurate within 2% for Y Ͼ2, 38 it may be true only for a long rodlike polyelectrolyte. In the case of a short rodlike molecule of length 6.8 nm and diameter of 2.0 nm, it appears that Eq. ͑20͒ overestimates the effective diameter, resulting in a disk-like, rather than a rodlike molecule. Our simple calculation of the effective diameter according to the KatohOhitsuki result 40 gives more reasonable effective diameters.
Using Eqs. ͑16͒-͑18͒ with the effective length and effective diameter replacing the length and diameter, we calculated the hydrodynamic friction coefficient k f , the osmotic second viral coefficient B 2 and the diffusion second viral coefficient k D . Results are listed in Table IV and are compared with the experimental diffusion second viral coefficients given in the last columns.
The agreement between experimental and theoretical diffusion second virial coefficients shown in Table IV ͓espe-cially with that using Eq. ͑23͒ for the effective diameter͔ indicates that the effective charge density used in the calculation, which, as discussed above, is the best fit value from the CM theory, is a good approximation. Manning's counterion condensation theory thus appears to give good predictions for the effective charge density of this highly charged polyelectrolyte. We note that Ferrari and Bloomfield, 35 using a similar approach for persistence length DNA, find a theoretical slope that is significantly larger than that found from experiment. It is possible, however, that their Z eff is too small, as discussed earlier.
As shown in Table III 46 of the hydrodynamics of rodlike molecules is self-consistent for length to diameter ratios as small as 1.4 for oligonucleotides. Thus we use this treatment to calculate the translational diffusion coefficients of DNA at infinite dilution, D 0 , in various ionic strength solutions, using the effective lengths and diameters listed in Table III. Table III shows that as the ionic strength decreases, the effective length and effective diameter increase, and the D 0 predicted by the Tirado-Garcia de la Torre equations results in decreasing diffusion coefficients. The experimental results, however, show that D 0 remains relatively constant and very close to the Tirado-Garcia de la Torre prediction for the rod length 6.8 nm and diameter 2.0 nm. This result is to be expected since the effective size computed by this theory applies only to interactions among the polyions and not properties describing the diffusion of a polyion at infinite dilution.
We have shown that the diffusion virial approach with ionic strength dependent effective hard rod lengths and diameters gives good agreement between the experimental and theoretical k D obtained from the diffusion coefficient versus polyion concentration lines at different ionic strengths.
B. Fabry-Perot interferometry
High and moderate ionic strength samples were measured using the 750 MHz interferometer. As expected, no appreciable oligonucleotide concentration dependence of the relaxation time was observed, that is, f in Eq. ͑25͒ is approximately zero and the value of the rotational diffusion coefficient D R is within experimental error equal to the value obtained previously by Eimer and Pecora. 41 As Eimer and Pecora showed, it is in accord with the hydrodynamic model of Tirado and Garcia de la Torre 46 for rotation of a rod of length 6.8 nm and diameter 2 nm.
The concentration dependence of the rotational diffusion coefficient at low ionic strength was measured using the 150 MHz interferometer. The results are shown in Fig. 6 . R increases with increasing oligonucleotide concentration. The possible reasons are that the pair orientational correlations are increased at low salt concentrations or that the coupling to the small ion motions at low salt increases the rotational relaxation times. More experiments and theory are needed to resolve these issues.
V. CONCLUSION
Monodisperse short oligonucleotides are excellent model molecules for exploring the solution dynamics of polyelectrolytes. The small size, rigid shape, and charges that are all of the same sign make it easier to interpret the experimental results. Knowing the primary structure of the oligonucleotide makes it possible to have accurate molecular weights for substitution into the theoretical equations. Numerically solving the coupled mode theory matrix using software such as MATLAB makes it possible to treat the small ion diffusion and polyion diffusion separately, and to calculate the decay frequencies of polyion diffusion and small ion diffusion without further approximations. It was shown that the numerical calculation gives better agreement with experiment than the calculation using the analytical equation derived by Lin, Lee, and Schurr. , gives good agreement with the measured diffusion virial coefficients.
The rotational relaxation times are relatively insensitive to oligonucleotide concentration at high salt concentration and low oligonucleotide concentrations. At lower salt concentrations, however, the rotation appears to slow down appreciably as the oligonucleotide concentration is increased. This effect can be due to a coupling to the small ions that slows down rotation, or an enhanced parallel alignment of the molecules at lower salt ͑higher f͒.
We should emphasize that our measurements and theoretical analyses for the translational diffusion cover the low q and long time ranges. 47 A peak appears in the static intensity pattern of our system, but this peak appears in a higher q region than is covered by our DLS experiments. Small angle x-ray scattering experiments of this peak are discussed in detail in II. 28 
